Effective management and protection of water resources relies upon understanding how water-quality conditions are changing over time. Water-quality trends for ammonia, chloride, nitrate, sulfate, total dissolved solids (TDS), total nitrogen (TN) and total phosphorus (TP) were assessed at 762 sites located in the conterminous United States between 2002 and 2012. Annual mean concentrations at the start and end of the trend period were compared to an environmentally meaningful level of concern (LOC) to categorize patterns in water-quality changes. Trend direction, magnitude, and the proximity of concentrations to LOCs were investigated. Of the 1956 site-constituent combinations investigated, 30% were above the LOC in 2002, and only six (0.3%) crossed the LOC threshold, either from above or below, indicating that waterquality conditions are not substantially improving, nor are they degrading, in relation to the LOCs. The concentrations of ammonia, nitrate, sulfate, chloride, and TDS tended to be below the LOC, and in cases where the trend was increasing (concentrations approached the LOC from below), the increases were varied and small in magnitude. In contrast, concentrations of TN and TP tended to be above the LOC, and where the trend was decreasing (concentrations approached the LOC from above), the decreases were larger in magnitude and more consistent. These results indicate that if water-quality conditions continue to trend in the same direction, at the same rate, for all sites and constituents studied, elevated concentrations are more likely to drop below an LOC before low concentrations will exceed an LOC.
H I G H L I G H T S
• 1956 trends in nutrients, chloride, sulfate, and TDS assessed at hundreds of sites • Rare to cross the level of concern threshold, either from above or below • Most sites and constituents had concentrations below the LOC.
• Most TN and TP trend sites were in exceedance of the USEPA ecoregional criteria.
• At current rates, decreasing TP trends will fall below the LOC in a median of 15 yrs.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Water-quality conditions in rivers and streams are frequently changing. The tracking of changing conditions can be performed through trend analysis, in which a trend, or change, in a water-quality constituent concentration can be identified. The analysis of waterquality trends is important for water resource managers, stakeholders, and regulators to assess the impact of natural and anthropogenic factors on water quality over an extended time period. Previous analyses of water-quality trends focused on the direction of a trend (Oelsner et al., 2017; Ryberg et al., 2014) , the cause of a trend (Ryberg, 2017; Ryberg et al., 2017; Diamantini et al., 2018) , or the effect of a trend in a specific constituent (Corsi et al., 2015; Sprague et al., 2011; Stets et al., 2017) . The importance of water-quality constituent trend analysis has been demonstrated in the assessment of threats to drinking water sources , and the efficacy of conservation practices (Miltner, 2015) .
One way to investigate the influence of a water-quality trend is to assess the statistical significance of the trend. While trend analysis is able to assign this statistical significance, a consideration of how a trend might be environmentally significant is not typically addressed (Chang, 2008; Oelsner et al., 2017; Ryberg et al., 2014) . One approach to assess the environmental significance of changing water-quality conditions has been to compile the occurrence of drinking water violations and assess if those violations have significantly increased or decreased (Pennino et al., 2017) . Another approach used the change in a surrogate, bottled water sales, to assess consumer behavioral changes associated with water-quality violations, and therefore link water-quality changes to perceived human health threats (Zivin et al., 2011) . These approaches provided more context to understand water-quality conditions but did not provide insight into where water-quality conditions approached a level of concern (LOC), or how substantially conditions were improving relative to an LOC, because in the first example, the trend was determined based on the violations, and in the second example, the studied response was a change in a surrogate. Neither one of these approaches analyzed the trend in the actual constituent of concern.
In this analysis, trends were calculated for seven constituents that, present in excess, can represent a threat to human health and quality of life, or aquatic life. Elevated concentrations of nitrate in drinking water, for example, can cause methemoglobinemia, or "blue baby" disease (Ward et al., 2005) . At concentrations above the LOC, ammonia, chloride, sulfate, and total dissolved solids (TDS) can give drinking water an unpleasant taste (U.S. Environmental Protection Agency, n.d. a). Additionally, elevated chloride concentrations in source water can promote the galvanic corrosion of lead-bearing minerals (Ng and Lin, 2016; Willison and Boyer, 2012) , and high concentrations of TDS in drinking water can result in colored water that can form scale deposits and stain surfaces (U.S. Environmental Protection Agency, n.d.a). Lastly, high concentrations of total nitrogen (TN) and total phosphorus (TP) can cause eutrophication, or the enrichment of water with excessive nutrients, a leading cause of impairment of freshwaters globally (Chislock et al., 2013) .
The purpose of this paper is to provide a broad understanding of water-quality trends by contextualizing previously calculated trends in these seven constituents through comparison to human health and aquatic life levels of concern (LOCs). Trends in the selected constituents were analyzed at sites throughout the U.S. between 2002 and 2012. Concentrations at the start and the end of the trend period were compared with LOCs to determine the environmental significance of instream concentration trends in relation to human or ecological health. The overall environmental significance of water-quality changes over time was derived by determining whether concentrations cross or approach an LOC between the start and end of the trend period. In this manner, it was possible to evaluate whether meaningful improvement had been achieved, and in-stream concentrations have decreased to fall below an LOC threshold, or whether a deterioration in waterquality conditions had occurred and in-stream concentrations have increased and exceeded an LOC. In addition to investigating sites that crossed the LOC thresholds, this analysis identified increasing and decreasing trends and explained how close and how quickly these trends bring the constituent concentrations to an LOC. Sites and constituents that crossed the LOC threshold or approached the LOC during the trend period are highlighted as categories of interest throughout this paper. This paper provides a context to understand water-quality trends in relation to an environmentally meaningful concentration and therefore provides insight into constituents, sites, and trend patterns that warrant further investigation, or continued monitoring.
Methods
Trend analysis methods
Ammonia, chloride, nitrate (as nitrogen), sulfate, TDS, TN, and TP concentration data were compiled from multiple Federal, State, Tribal, regional, and local government agencies and nongovernmental organizations. Data were largely housed in the U.S. Geological Survey (USGS) National Water Information System (NWIS) database, the USEPA Water Quality Exchange STOrage and RETrieval (STORET) database, and other archives for monitoring data that are not included in STORET (Oelsner et al., 2017) . Ambient monitoring data were used at sites that were screened and determined to be suitable for trends analysis, for years between 2002 and 2012. The screening process was developed to establish adequate coverage over the full trend period, during each season, and across a range of streamflow. Sites that passed the screening met the following criteria: (1) data were available in either 2002 or 2003 and in either 2011 or 2012; (2) the first two years and last two years and 70% of years overall in the trend period had at least quarterly samples; (3) at least 14% of the samples in the trend period were high-flow samples, defined as samples collected above the 85th percentile of all historical daily streamflows in the month of a given sample's collection; (4) N50% of the data were not reported as below the laboratory reporting limit; (5) the monitoring site was paired with a co-located or nearby streamgage with daily streamflow data available during the entire trend period. A site was only paired with a streamgage when the difference in respective watershed areas was b10% and there were no hydrologic influences between the sites. Oelsner et al. (2017) describes the data compilation and harmonization, streamgage pairing, and rationale for each screening criterion in detail.
The Weighted Regressions on Time, Discharge, and Seasons (WRTDS) model (Hirsch et al., 2010) was used to evaluate trends in concentration for the seven constituents between 2002 and 2012. WRTDS uses a process called flow normalization to estimate trends in overall water quality by removing the variability due to year-to-year fluctuations in streamflow. The original implementation of WRTDS assumed streamflow was stationary at a site over the trend period (Hirsch et al., 2010; ; however, recently, WRTDS has been extended to account for nonstationary streamflow . The trends used in this paper were estimated using the updated version of WRTDS, which accounts for nonstationarity in streamflow and provides the in-stream trend in water quality (Murphy et al., 2018) .
Diagnostic plots for each model were examined for normality and homoscedasticity of the residuals and a reasonable relation between observed and estimated values. 762 sites met the screening criteria for model performance and were used in this analysis. These final sites included data from 47 different monitoring organizations. The number of sites for which a trend was estimated varied for each constituent due to the use of multiple sources of data and the screening of those data (Table 1; Oelsner et al., 2017) . More detail on model specification and checking is available in Oelsner et al. (2017) .
The updated WRTDS methodology generated an estimated annual mean concentration for the first year of the trend period, a trend direction and magnitude, and a 95% confidence interval (CI) for the trend estimate. A block bootstrap approach based on a time interval of 100 days was used to calculate the 95% confidence intervals for trend. This bootstrapping approach was chosen to avoid oversampling any of the more densely sampled periods during the trend period of record and to broadly maintain samples from individual high or low streamflow events .
The CI represents the uncertainty associated with the trend based on the density and variability of the data used to generate the trend . The CI provided an upper and lower bound of trend magnitude and direction. For each constituent and site (referred to as result in this analysis), both the upper and lower bounds of the trend CI were added to the start concentration to determine the upper and lower bounds of the annual mean end concentration. Hereafter, all references to constituent concentration should be understood as estimated annual mean concentrations, based on the trend methodology. The final trend results analyzed in this study were generated using the data set developed by Oelsner et al. (2017) and the methodology described by Hirsch and De Cicco (2018) . These data are published in a digital online data set (Murphy et al., 2018) and were contextualized with this analysis. Maps showing the location of sites for each constituent can be found in the supplemental material.
Comparison of trends to LOCs
To contextualize changes in water quality between 2002 and 2012, comparisons were made between the annual mean concentrations at the start and end of the trend period and environmental LOCs. An LOC is typically understood (and is defined for these purposes) as a threshold value above which the threat of an undesirable effect exists for human health or aquatic life. The comparison of in-stream concentrations to LOCs was used in this analysis as a coarse tool to understand changing water-quality conditions in relation to an environmentally meaningful concentration.
For this analysis, LOCs were compiled from several USEPA sources, and with the exception of nitrate, the LOCs used are non-regulatory (Table 1) . For nitrate, the LOC was the national primary drinking water standard, represented by a maximum contaminant level (MCL). MCLs are legally enforceable and limit the concentrations of constituents in drinking water (U.S. Environmental Protection Agency, n.d.b). For chloride, sulfate, and TDS, a primary drinking water standard does not exist, therefore, the LOCs used were national secondary drinking water standards, represented by a secondary maximum contaminant levels (SMCLs). These SMCLs are non-mandatory water-quality standards that act as guidelines for aesthetic considerations (U.S. Environmental Protection Agency, n.d.a). For ammonia, the LOC used was a threshold documented in the drinking water advisory table for taste thresholds (U.S. Environmental Protection Agency, 2018) . These values are identified as concentrations of constituents in which most "consumers do not notice an adverse taste in drinking water" and are intended to serve as informal technical guidance (U.S. Environmental Protection Agency, 2018).
To maintain the integrity of contextualizing trends, only LOCs that were suitable for comparison to an annual mean concentration were used. Previous analyses have compared annual means to MCLs for other constituents, including pesticides, arsenic, and other organic compounds (Gilliom et al., 2006; U.S. Environmental Protection Agency, 2002a; U.S. Environmental Protection Agency, 2002b) , therefore the comparison of annual means to the nitrate MCL and SMCLs for other constituents was considered acceptable. The ammonia taste threshold is intended to be informal, therefore a coarse assessment with an annual mean was considered agreeable for informative purposes.
Additional criteria may exist for these five constituents at lower levels than the human health LOCs shown in Table 1 . It was important, however, that the annual mean concentration determined by the trends analysis was compared to the appropriate criteria. For example, the criteria characterizing the toxicity of ammonia to aquatic life are comparable to short duration exposure metrics (1-h averages and 30-day rolling averages) and are therefore not suitable to compare to an annual mean. Criteria that were developed for comparison to different concentration statistics were not used in this analysis to avoid misrepresenting and likely underestimating the potential for exceedances at these sites.
For ammonia, chloride, nitrate, sulfate, and total dissolved solids, LOCs related to drinking water were used, however, the concentrations to which they are compared refer to stream water, and do not represent the conditions of finished drinking water. Therefore, the start and end concentrations for a trend period are not appropriate to compare to these LOCs in any regulatory capacity, and the results presented in this paper should not be interpreted as a violation of any standards.
For the contextualization of TN and TP trends, ecoregional nutrient criteria for rivers and streams were used as LOCs (U.S. Environmental Protection Agency, n.d.c). The USEPA recommends using the ecoregional nutrient criteria to serve as a starting point for the identification of streams and rivers in the U.S. that might be impacted by cultural eutrophication (U.S. Environmental Protection Agency, 2000). State nutrient criteria are currently under development, and the ecoregional criteria were chosen to act as a nutrient LOC in the interim. As a result, the use of these criteria to assess changes in stream impairment for regulation is not appropriate. Instead, the criteria were used as a basis for assessing the potential impact of in-stream nutrient changes on primary productivity and eutrophication over time. USEPA guidance on how to use these criteria recommends that the states identify appropriate sampling designs and averaging periods to determine if these criteria are met, however, while state guidance is still under development, well-defined approaches for assessing a stream's impairment status are not readily or widely available. Due to the lack of specific guidance, annual mean concentrations were compared to the USEPA ecoregional criteria, following past examples (Spahr et al., 2010) , and representing an inclusive, conservative assessment metric. The numeric criteria are specific to each ecoregion, so site location was used to determine which criteria should be used.
Results were classified into 11 categories based on two factors: the relation of the concentration at the start of the trend period to the LOC, and the relation of the upper and lower bounds of the end The one-day and ten-day HAs refer to the drinking water consumption of a 10 kg child and are intended to protect against noncancer effects.
concentration to the LOC. These 11 categories are illustrated in a general conceptual model shown in Fig. 1 . Firstly, results were classified as above, below, or uncertain with relation to the LOC. Results above or below the LOC had the start concentration and both the upper and lower bounds (entire range) of the end concentration on one side of the LOC. The upper and lower bounds of the end concentration were determined using the upper and lower bounds of the 95% confidence interval of the trend. Uncertain results were characterized by the LOC falling between the upper and lower bounds of the end concentration, so the LOC was within the range of uncertainty in the end concentration.
Next, results were classified as increasing, decreasing, or undetermined based on the relation of the start concentration to the upper and lower bounds of the end concentration. For increasing and decreasing results, the start concentration was either completely above or below both the upper and lower bounds of the end concentration, so the direction of the trend was clear, even accounting for uncertainty. For undetermined results, the start concentration fell within the range of uncertainty in the end concentration, and therefore the direction of the trend could not be conclusively determined. The three categories describing the relation of the start and end concentrations to the LOC and the three categories describing the relation of the start and end concentrations to each other combine into nine categories with which to describe results: "below LOC, decreasing", "below LOC, undetermined", "below LOC, increasing", "uncertain LOC, decreasing", "uncertain LOC, undetermined", "uncertain LOC, increasing", "above LOC, decreasing", "above LOC, undetermined" and "above LOC, increasing". Results in the "below LOC, increasing", and "above LOC, decreasing" categories were further subset into results that crossed the LOC threshold, and "below to above" and "above to below" categories were added, for a total of 11 (Fig. 1) . The percentage of sites in each category was then calculated for each constituent (Fig. 2) .
To understand the proximity of results that were approaching the LOC, either from above or below, results in the "below LOC, increasing" and "above LOC, decreasing" categories were further analyzed. The end concentrations for the subset of sites in these categories were sorted into bins, which were created at increasing magnitudes away from the LOC, in increments of 20%. For example, the "below LOC, increasing" results were grouped into five bins that were between zero and 100% of the LOC value (Fig. 3) .
The difference between the start and end concentrations was then calculated for each result in the categories of interest. This difference in concentration was interpreted as a rate of change over a ten-year period, and this rate was held constant over time to estimate the number of years required before the constituent concentration at each site would reach the LOC. The distribution in the number of years required for the concentration to equal the LOC for each constituent was visualized with boxplots (Fig. 4 ). These year estimates should be understood with limitations, however, for they assume that the trend magnitude and direction at a site will remain the same, often over many years, which the authors understand is improbable. This exercise was intended to illustrate the magnitude of the trend for each result, not to predict concentrations in the future.
Land use correlations
The land use within watersheds for sites that crossed the LOC was then investigated to determine if specific land use types, or changes in land use types, were correlated with the change in relation to LOC. The USGS National Water-Quality Assessment (NAWQA) Wall-to-wall Anthropogenic Land-use Trends (NWALT) data set was used to assess the percentage of land use classes in each watershed in 2002 and 2012 (Falcone, 2016) . Watersheds were then categorized into four types, based on predominant land use in 2012 (Falcone, 2016) . The four broad site types were undeveloped, agriculture, urban, and mixed. Undeveloped watersheds were defined as those with high percentages of natural vegetation and low anthropogenic use (sum of NWALT land use classes 11,12,50, and 60 N 75%), agricultural watersheds were defined as those that were not undeveloped, had relatively high percentages of agriculture, and low percentages of urbanization (sum of NWALT land use classes 43 and 44 N 25%, class 43 N 12.5%, and sum of 21-27 b 10%). Urban watersheds were defined as those that were neither undeveloped, nor agricultural, had relatively high percentages of urbanization, and relatively low percentages of agriculture (sum of classes 21-33 N 25%, sum of 21-27 N 12.5%, sum of 43-44 b 50%, and 43 b 25%). Mixed watersheds were then defined as those which did not fall into the previous three categories, and therefore had a mix of land uses.
Proximity of sites to drinking water intakes
Because many of the LOCs are related to drinking water guidance, it was insightful to understand the proximity of the sites in each trend category to drinking water intakes (DWI). The locations of DWIs were derived from internal USGS working files; these data are considered to be sensitive, and non-public. The presence, and the overall percentage of sites in each trend category with at least one DWI located on the same main stem, within 8 km (five miles) downstream was calculated. The proximity of concentrations to the LOC and the number of years required to reach the LOC analysis was then repeated, for sites that were both within eight kilometers upstream of a DWI, and sites not near a DWI within the "below LOC, increasing" and "above LOC, decreasing" categories.
Results
The following section briefly summarizes the results for each constituent, with an emphasis on results that represent a shift, or a potential shift in the relation between a constituent concentration and the LOC.
Ammonia
For ammonia, the start concentrations, and upper and lower bounds of end concentrations at all sites were below the LOC. Five percent of the sites were classified as "below LOC, increasing", and were therefore approaching the LOC (Fig. 2) , but for that 5%, the end concentrations at each of those sites were b20% of the LOC concentration (Fig. 3) . A median of about 25,000 years was required for the concentrations at the "below LOC, increasing" sites to equal the LOC, demonstrating a slow rate of change for sites in this category, and a low likelihood of exceeding the LOC if conditions at these sites remain the same (Fig. 4) . These results demonstrated that ammonia concentrations at all sites in this study were below the secondary drinking water standard, and were either not increasing, or were increasing at such a slow rate that they were unlikely to represent a threat to drinking-water sources in the future, barring major watershed changes.
Nitrate
Ninety-nine percent of sites had start concentrations and upper and lower bounds of end concentrations below the LOC for nitrate. One site (0.26%) shifted from above the LOC to below the LOC in the trend period (Fig. 2) . Thirteen percent of sites were classified as "below LOC, increasing", and the majority of them (88%) had nitrate concentrations b40% of the LOC (Fig. 3) . One site in the "below LOC, increasing" category had a concentration within 20% of the LOC, and was therefore close enough to potentially warrant interest (Fig. 3) . A median of about 300 years was estimated before sites in this category would reach the LOC (Fig. 4) . The nitrate concentrations at almost all study sites were below the primary drinking water regulation both at the start and end of the trend period. In the one case where the LOC threshold was crossed, the change was in a direction indicating improved water quality. A low percentage of sites were approaching the LOC, and they were far away from the LOC and increasing slowly, indicating that at study sites, nitrate did not represent a threat to drinking-water quality.
Sulfate
Ninety-five percent of sites with sulfate trends had start concentrations and upper and lower bounds of end concentrations below the LOC. One site was classified as "below to above", indicating the concentration at this site was estimated to cross and exceed the LOC threshold during the trend period (Fig. 2) . Seventeen percent of sites were in the "below LOC, increasing" category, although 91% of them had sulfate concentrations b40% of the LOC (Fig. 3) . A median of about 600 years was needed for the concentrations at sites that were below the LOC and increasing to equal the LOC value (Fig. 4) . Few sites had concentrations above the secondary drinking water standard. The sulfate results were therefore similar to those for nitrate: for the small percentage of sites that were approaching the LOC, the concentrations at a majority of them were far away from the LOC and increasing slowly. Unlike nitrate, which had two sites with an uncertain relation to the LOC and no sites above the LOC by the end of the trend period, the concentrations of sulfate at a small number of sites were above the LOC, and one site crossed and exceeded the LOC threshold in the trend period. These results indicated that sulfate might be of concern at a small subset of sites.
Chloride
Ninety-five percent of sites with chloride trends had start concentrations and upper and lower bounds of end concentrations below the LOC, and 24% of sites were classified as "below LOC, increasing" (Fig. 2) . Despite some sites with concentrations above the LOC, no sites were in the "above LOC, decreasing" category. Within the "below LOC, increasing" category, 77% of sites had chloride concentrations b20% of the LOC, although the concentrations at 4 sites (6%) were between 80% and 60% of the LOC, and therefore meaningfully closer to the LOC threshold. A median of 480 years was required to shift concentrations at "below LOC, increasing" sites to the LOC concentration for chloride. These results established that the majority of study sites were below the secondary drinking water standard for chloride, and the sites approaching the LOC were far away and increasing slowly. Like sulfate, a small percentage of sites were above the LOC and might warrant further investigation.
Total dissolved solids
For TDS, the start concentrations and upper and lower bounds of end concentrations at 74% of sites were below the LOC, with 22 sites (11%) in the "below LOC, increasing" category, and two sites with concentrations that shifted from below to above the LOC in the trend period (Fig. 2) . TDS concentrations had the highest variability for sites below the LOC and increasing, with sites distributed in every proximity bin, including 14% of sites with concentrations in the bin closest to the LOC (Fig. 3) . Compared to the constituents discussed above, the median number of years required for TDS concentrations to equal the LOC was relatively low: 99 years (Fig. 4) . One site was above the LOC and decreasing, and the concentration at this site was b140% of the LOC and predicted to equal the LOC value in 13 years (Fig. 3, Fig. 4) . TDS showed the highest variation in relation to it's LOC, the secondary drinking water standard. Notable percentages of study sites were both above and below the LOC, and sites with both increasing and decreasing trends were present in the above and below LOC subsets. Additionally, there was at least one Percent of sites Fig. 3 . The distribution of sites at magnitudes varying by 20% away from the LOC in the "below LOC, increasing" and "above LOC, decreasing" categories for each constituent. The number of sites in the categories of interest with end concentrations in each bin were counted and their percentages of the total for the category were calculated. These percentages were visualized such that each constituent and magnitude bin formed a cell. The percentages are displayed in the bin with the number of sites used to calculate that percentage noted below the percentage value with an "n=". The cells within 20% of the LOC in either direction were bordered by a dashed line to note potential interest. In a conservative measure to help the reader visualize cells holding a low percentage of sites for each constituent, the color distribution was created so that there were ten shades of color between zero and 25% of the data, and ten shades between 26 and 100%, with darker colors noting a larger percentage of sites than lighter colors. The top panel is for sites that are "above LOC, decreasing" and the bottom panel is for sites that are "below LOC, increasing". site in both of the categories of interest and a relatively fast rate of change within the categories of interest. Two sites crossed the LOC threshold, indicating an environmentally meaningful change at those sites. TDS results indicated that it is a constituent that has a high potential for change in the future, although that change might reflect both improved and degraded TDS conditions.
Total nitrogen
In contrast to the constituents discussed above, the start TN concentration and upper and lower bounds of end TN concentrations for most of the sites were above the LOC (83%), with one site in the "above to below" category (Fig. 2) . Approximately one quarter of sites were above the LOC and decreasing, with the majority of these being N180% larger than the LOC (Fig. 3) . A median of 25 years was predicted to shift the concentrations at these sites to equal the LOC, and the IQR for the number of years required for the shift at these sites was 23 years (Fig. 4) . One site was below the LOC and increasing, and the TN concentration at this site was within 20% of the LOC and predicted to equal the LOC value in 6 years. TDS and TN are the only two constituents to have a site in both of the categories of interest. These results hold some promise for nutrient remediation, because while concentrations were largely above the TN LOC (USEPA ecoregional criteria), the concentrations were decreasing, and their rate of change was relatively fast, compared to the constituents discussed in Sections 3.1 through 3.5. One site crossed below the LOC threshold, indicating notable positive change, but one site was also projected to cross above the LOC threshold in the near future, indicating that individual sites might distinguish themselves from the overall trend pattern. In these two cases, site-specific conditions are probably driving changes in TN concentrations.
Total phosphorus
Like TN, the majority of sites had the start TP concentrations and upper and lower bounds of the end TP concentration above the LOC (86%), and one site was classified in the "below to above" category (Fig. 2) . Seventeen percent of sites had TP concentrations above the LOC and decreasing, and 95% of those had concentrations N180% of the LOC (Fig. 3) . Sites in the "above LOC, decreasing" category for TP had the smallest median number of years required to equal the LOC, and the smallest variability in this estimate, with a median of 15 years and an IQR of 13 years (Fig. 4) . This finding indicated that out of all the constituents, TP was decreasing the most quickly and consistently across sites.
Comparison of constituents
Regardless of constituent, or where the majority of sites fell in relation to the LOC, very few results crossed the LOC threshold, to be classified as "above to below" or "below to above", in the 2002-2012 trend period. One site with a nitrate trend and one site with a TN trend were categorized as "above to below" and two sites with TDS, one with TP, and one with sulfate trends were categorized as "below to above". These six occurrences, which happened at six different sites, represent just 0.3% of the 1956 results analyzed for this paper. The low occurrence of sites that crossed an LOC threshold suggested both that there is the potential for water-quality conditions to be improved at some locations, but they have not been successfully remediated, and conversely, that at other sites, conditions are not worsening severely enough to result in notable exceedances of LOCs. In the six watersheds that crossed the LOC threshold, the largest change in NWALT land use classes between 2002 and 2012 was just 1%. Two sites crossed the LOC threshold from above (ending below the LOC), indicating improved water-quality for nitrate and TN at these sites. The site with improved TN was categorized as undeveloped and the site with improved nitrate was categorized as agriculture. The four sites which crossed the LOC threshold from below (ending above the LOC) exhibited degraded water-quality conditions for sulfate, TDS, and TP. The site with degraded TP and both sites with degraded TDS conditions were categorized as agriculture while the site with degraded sulfate was categorized as undeveloped.
None of the six sites that crossed the LOC threshold were within 8 km upstream of a DWI. For sites in the categories of interest, 8% (16 of the 191 sites) of the "below LOC, increasing" sites, and 19% (23 of 124 sites) of the "above LOC, decreasing" sites were within 8 km upstream of a DWI. Of the 16 sites that were approaching the LOC from below and within 8 km upstream of a DWI, 14 of them (88%) had concentrations b20% of the LOC. For the 23 sites that were approaching the LOC from above and within 8 km upstream of a DWI, 21 of them (91%) had concentrations N180% of the LOC. For "below LOC, increasing" sites, the median number of years required to reach the LOC for sites within 8 km upstream of a DWI was 740, while the median number of years was 349 for sites not near a DWI. For "above LOC, decreasing" sites, the median number of years required to reach the LOC was 18 for both sites within 8 km upstream of a DWI, and for sites not near a DWI. The seven trend categories that do not cross the LOC threshold or represent a category of interest were also summarized based on their relation to the LOC. For other sites below the LOC, 12% were within 8 km upstream of a DWI, while 7% of other sites above the LOC, and 5% of sites with uncertain relations to the LOC were within 8 km upstream of a DWI.
Where sites were approaching the LOC from below (increasing), the percentage of sites within 8 km upstream of a DWI was lower than where sites were approaching the LOC from above (decreasing). Although the percentage of sites near a DWI was slightly higher for "above LOC, decreasing" sites compared to sites in the "below LOC, increasing" and summary categories, there did not appear to be a strong pattern in spatial relation between DWIs and sites above or below an LOC. Sites trending towards crossing the LOC threshold and also located near a DWI tended to have concentrations that differed greatly from the LOC. These sites required the same, or a longer amount of time necessary to reach the LOC compared to sites not near a DWI. The same trend patterns discussed in Sections 3.1 through 3.7 were detected in the DWI analysis as well: "below LOC, increasing" sites were estimated to take a longer amount of time to reach the LOC than "above LOC, decreasing" sites.
Discussion
For all constituents, the relation to the LOC was largely either above or below, and because it was rare to cross the LOC threshold, these relations did not notably change between 2002 and 2012. In this way, the seven constituents distinguish themselves into two groups: those in which the start and end concentrations at the majority of sites were below the LOC, and those with the majority of start and end concentrations above the LOC. This finding indicates that at the 762 sites analyzed in this study, either efforts to improve water quality, or watershed practices that were detrimental to water quality did not have a timely impact on how constituent concentrations related to environmentally meaningful levels.
Additionally, the majority of sites for all constituents were classified into categories with undetermined trend directions. Trends with undetermined directions represented results in which the trend was close to zero, and therefore constituent concentrations were not changing, or changing at a very slow rate, and results in which the data were not robust enough to definitively determine a trend direction. The prevalence of undetermined trend directions, along with the very small number of sites that crossed the LOC threshold, support the finding that the relation of a constituent concentration to an LOC was difficult to shift. This is a positive outcome for sites that are already below the LOC, but suggests challenges for sites that are above the LOC.
For TN and TP (the constituents that have the highest percentage of sites above the LOC), however, the criteria for environmentally meaningful concentrations are still under development, and the USEPA ecoregional criteria used in this study might be considered overly protective. For example, Evans-White et al. (2013) showed that the USEPA ecoregional criteria were more conservative than criteria generated using more current, or more regionally focused data. Smith et al. (2003) also noted that modeled natural background concentrations of TN and TP in some regions exceeded the ecoregional criteria, indicating that even natural (not impaired) conditions might exceed the ecoregional criteria. The large number of exceedances of these LOCs may reflect that the ecoregional criteria are too low.
Due to the small number of sites that crossed the LOC threshold, much of the subsequent analysis focused on sites that were approaching the LOC, either from above or below. Even within the "below LOC, increasing", and "above LOC, decreasing" categories, however, the highest percentage of sites for every constituent was N80% away from the LOC, with the exception of TDS and TN, both of which included a category comprised of one site (Fig. 3) . Thus, even where constituent concentrations were trending towards the LOC, they were not in close proximity to the LOC and change was occurring slowly. Only three constituents (nitrate, TDS, and TN) had sites with end concentrations close to the LOC (within 20%), and the number of those sites was small (two sites for nitrate, three for TDS, and one site for TN).
Sites approaching the LOC from below had more variation in the proximity of the end concentration to the LOC than sites approaching from above. Nitrate and TDS had sites distributed in every proximity bin, including the bin closest to the LOC (within 20%) (Fig. 3 ). Sulfate and chloride had sites in every bin, with the exception of the bin closest to the LOC. In contrast, where TN and TP were approaching the LOC from above (decreasing), almost all sites were located in the bin farthest away from the LOC (N180%). Where TN and TP did have percentages of sites that fell into bins closer to the LOC in the "above LOC, decreasing" category, these percentages were smaller, showing the tendency of TN and TP concentrations to be far away from the LOC, compared to other constituents. A few exceptions to these patterns existed because cells were populated by a single site and these exceptions should not be considered representative of the constituent.
In addition to understanding constituent concentrations in the categories of interest by their proximity to the LOC, the estimated change in concentrations within these categories, over the ten-year trend period, was considered. This change in concentration can be understood as a rate, and the magnitude of each trend was interpreted as an estimate of the number of years needed for the concentration at the end of the trend period to equal the LOC. For ammonia, nitrate, sulfate, chloride and TDS, in which concentrations were largely approaching the LOC from below, the median number of years it would take for concentrations to equal the LOC was N98 years. In contrast, for TN and TP, in which concentrations were approaching the LOC from above, the median number of years necessary for concentrations to equal the LOC was b26 years. This result was especially meaningful if we consider that the concentrations at most sites for TN and TP were far away from the LOC, while the concentrations for the other constituents were at more evenly distributed proximities (Fig. 3) . TN and TP concentrations that tended to be far away from LOC also had trends that decreased with the largest magnitude, while the concentrations for the other constituents were projected to take a longer time to equal the LOC (Fig. 4) . Additionally, the variation in trend magnitude among sites with TN and TP trends, represented by the IQR of boxplots in Fig. 4 , was smaller than the variation among constituents that tended to be below LOC, illustrating that TN and TP results were consistently trending at a faster rate, compared to other constituents.
There was very little change in land use classification between 2002 and 2012 for the six sites that crossed the LOC threshold, indicating that either the land use classes used were not sensitive enough to capture changes that impacted long-term water-quality change, or that land use was not the primary driver of these shifts in constituent concentration relation to the LOC. The prevalence of land use defined as agriculture or undeveloped for sites crossing the LOC threshold both from above and below demonstrated that both increasing and decreasing water-quality trends can be affected by agricultural influences and the role of undeveloped land. The agriculture land use category is defined, in part, by NWALT land use classes for crops and pasture (classes 43 and 44), which do not have the resolution necessary to investigate specific agricultural influences, such as the use of (or change in) conservation practices, changes in crop type, or changes in tillage systems. Likewise, the classes used to define undeveloped sites include low use, very low use, and wetlands (classes 50, 60, and 12), and changes in conservation within these categories, or a change in protection status that would shift land use from low use to wetlands, for example, cannot be quantified using the undeveloped designation alone. The failure of any of these watersheds to be classified as urban or mixed might indicate that watersheds with any significant percentage of developed or semideveloped land are not high priority areas to study for shifts in environmentally meaningful water-quality concentrations. Although constituents at urban and mixed sites did not cross an LOC threshold, studies have shown that urban sites can exhibit large and rapid changes in constituent concentrations . For this study, it is possible that concentration changes at urban and mixed sites were not dramatic enough to cause a shift in relation to the LOC, or the changes were for constituents that did not have an LOC or had an LOC that was not appropriate to compare to an annual mean concentration.
Analysis of the proximity of sites in each category to DWIs was affected by the low site count for some categories, which is why above, below, and uncertain LOC categories were pooled and compared to the categories of interest. The relatively equal distribution of DWIs within 8 km downstream of a site among the trend categories indicated that DWIs are located near sites that are both below and above the LOC. This analysis did not indicate an obvious threat to drinking water sources, one reason being that the concentrations discussed in this paper represent in-stream conditions, not that of finished drinking water. Additionally, at sites near DWIs, where LOCs were being approached from below and the potential existed to exceed an LOC, concentrations tended to vary greatly from the LOC and require a relatively long median time to reach the LOC. At sites near DWIs and approaching the LOC from above, where there was potential to fall below the LOC, concentrations still tended to vary greatly from the LOC, however, there was a much shorter time required to reach the LOC. This result indicated that sites with the potential for degradation in water-quality conditions near DWIs were not worsening in a meaningful way, and sites with the potential for improvement were getting better at the same rate regardless of proximity to a DWI. While this limited analysis did not raise immediate concerns, a large number of DWIs, serving large populations, in one category might indicate a need for closer monitoring and further analysis. The presence of thousands of DWIs located throughout the nation is an important consideration for future LOC analysis.
Although this study is not an assessment of the exceedances of drinking water regulations in finished water, understanding how instream water-quality trends relate to LOCs is important for future assessments of public health. There is evidence that the public will avoid drinking water from public sources when water-quality violations are reported (Zivin et al., 2011) . Even water from a public supply that meets USEPA regulations might be perceived by the public to be unsafe due to taste, color, or odor, and therefore deter public desire to use tap water (Doria, 2010; McGuire, 1995) . The preservation of safe public drinking water sources, and the maintenance of public trust associated with these sources is of critical importance. The development of models to predict when exceedances of water-quality standards will occur has been one strategy to protect drinking water (Borsuk et al., 2002; Pike, 2004) . The results of this study can supplement that work by acting as a preliminary early warning for sites and constituents that are approaching LOCs. The identification of water-quality trends prior to LOC exceedances gives water treatment operators the opportunity to mitigate potential exceedances before they occur.
This analysis was limited in several ways, described below and in the appropriate sections. One primary limitation is that the WRTDS methodology produces annual mean concentrations, which are not appropriate to compare to all of the criteria that exist for each of the constituents. Future efforts to contextualize water-quality trends would benefit from a trend estimation methodology that took into account relevant concentration statistics, so that additional criteria can be assessed.
Another limitation related to concentration statistics is that the annual mean can underestimate the water-quality concentrations at a site, and sites that do not exceed annual mean criteria might still present environmental threats. Annual means for a constituent that average both high occurrence and low occurrence time periods throughout the course of a year will not reflect peak concentrations. For example, daily samples were used to calculate exceedances of the primary drinking water regulation for nitrate in Iowa. Daily nitrate samples of the Des Moines and Raccoon rivers exceeded the LOC 14% and 22% of the time, respectively (CH2, 2016). These exceedances represent a much shorter time frame than the annual mean used in this analysis, and the annual mean might not have exceeded the LOC at these sites. Nevertheless, these daily exceedances were a primary motivator for a $15 milliondollar expansion to the Des Moines Water Works nitrate removal facility (Elmer, 2017) . So while annual means were appropriate for comparison to the LOCs provided, they were a conservative metric to compare to environmentally meaningful concentrations, and this example illustrates that significant remediation might be required even when annual means are not exceeded.
The CI for the trend estimate accounted for uncertainty in this analysis and was represented in the presence of undetermined trend directions and uncertain relations to the LOC. Undetermined trend directions were discussed above. Uncertain relations to the LOC represented results in which the confidence interval of the trend resulted in an end concentration with an upper and lower bound that included the LOC. Increased temporal data density would likely mitigate some of this uncertainty by decreasing the width of the confidence intervals and therefore decreasing the number of results in which a trend direction is uncertain. For static trends resulting in narrow confidence intervals that occur near the LOC, uncertainty must be accepted as a necessary result. Within the categories of interest, the sorting of constituent concentrations into proximity bins and the estimation of time to equal the LOC did not incorporate the upper and lower bounds of the end concentration, because these analyses were performed only on these categories, which already took uncertainty into account through their classification.
The data set used to perform the trends analysis was developed by Oelsner et al. (2017) and is subject to a range of limitations, primarily related to data density and user-provided metadata, as described in that report. Section 2.2 describes the use of LOCs to provide a context with which to understand the water-quality trend, not the intent to make inferences about finished drinking water or associated regulation, or the suitability of ecoregional criteria. Lastly, as previously mentioned, constituents and LOCs were not considered for this analysis if the LOC did not reasonably apply to an annual mean concentration.
Conclusions
While this analysis focused on the results that crossed, or were approaching the LOC threshold, most of the results were classified into categories that were firmly above or below the LOC. This is a positive outcome for constituents that tend to be below the LOC, but might be a cause for concern for TN and TP, which had a majority of sites above the LOC. The majority of sites for all constituents were classified into categories with undetermined trend directions. For the subset of these sites in which the trend is undetermined due to static conditions, a more significant decrease in concentrations, or continued reduction in concentration over a longer time period might result in a decreasing trend direction.
Overall, it was uncommon for trend results to cross the LOC threshold, indicating a lack of notable change, either for the better, or the worse, at study sites. The concentrations of ammonia, nitrate, sulfate, chloride and TDS tended to be below the LOC, and in general, where these constituents showed increasing concentrations, conditions were not worsening rapidly enough to require intervention in the near future, barring widespread changes. TDS showed the fastest median increase towards the LOC, and the most evenly distributed set of sites both below and above the LOC, indicating that out of the constituents predominantly below the LOC, TDS might be the constituent to monitor the most closely in the future. Concentrations of TN and TP were largely in exceedance of the LOC, however, where they were approaching the LOC, they showed a faster and more consistent rate of decrease. These results indicate that if water-quality conditions remained the same at all sites, for all constituents, over an extended period of time, sites with elevated concentrations are more likely to drop below LOCs before sites with low concentrations will exceed LOCs. 
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